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Abstract
Experimental investigations of crystal structure, magnetism and heat capacity of compounds in the
pseudoternary GdScGe-GdScSb system combined with density functional theory projections have been
employed to clarify the interplay between the crystal structure and magnetism in this series of RTX materials
(R = rare-earth, $ T$ = transition metal and X = p-block element). We demonstrate that the CeScSi-type
structure adopted by GdScGe and CeFeSi-type structure adopted by GdScSb coexist over a limited range of
compositions $0.65 \leqslant x \leqslant 0.9$ . Antimony for Ge substitutions in GdScGe result in an
anisotropic expansion of the unit cell of the parent that is most pronounced along the c axis. We believe that
such expansion acts as the driving force for the instability of the double layer CeScSi-type structure of the
parent germanide. Extensive, yet limited Sb substitutions $0 \leqslant x < 0.65$ lead to a strong reduction of
the Curie temperature compared to the GdScGe parent, but without affecting the saturation magnetization.
With a further increase in Sb content, the first compositions showing the presence of the CeFeSi-type
structure of the antimonide, $x \approx 0.7$ , coincide with the appearance of an antiferromagnetic phase.
The application of a finite magnetic field reveals a jump in magnetization toward a fully saturated
ferromagnetic state. This antiferro–ferromagnetic transformation is not associated with a sizeable latent heat,
as confirmed by heat capacity measurements. The electronic structure calculations for $x = 0.75$ indicate that
the key factor in the conversion from the ferromagnetic CeScSi-type to the antiferromagnetic CeFeSi-type
structure is the disappearance of the induced magnetic moments on Sc. For the parent antimonide, heat
capacity measurements indicate an additional transition below the main antiferromagnetic transition.
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Abstract. Experimental investigations of crystal structure, magnetism and heat
capacity of compounds in the pseudoternary GdScGe-GdScSb system combined
with density functional theory projections have been employed to clarify the
interplay between the crystal structure and magnetism in this series of RTX
materials (R = rare earth, T = transition metal and X = p-block element). We
demonstrate that the CeScSi-type structure adopted by GdScGe and CeFeSi-type
structure adopted by GdScSb coexist over a limited range of compositions 0.65
≤ x ≤ 0.9. Antimony for Ge substitutions in GdScGe result in an anisotropic
expansion of the unit cell of the parent that is most pronounced along the c
axis. We believe that such expansion acts as the driving force for the instability
of the double layer CeScSi-type structure of the parent germanide. Extensive,
yet limited Sb substitutions 0 ≤ x < 0.65 lead to a strong reduction of the Curie
temperature compared to the GdScGe parent, but without affecting the saturation
magnetization. With a further increase in Sb content, the first compositions
showing the presence of the CeFeSi-type structure of the antimonide, x ≈ 0.7,
coincide with the appearance of an antiferromagnetic phase. The application of
a finite magnetic field reveals a jump in magnetization toward a fully saturated
ferromagnetic state. This antiferro-ferromagnetic transformation is not associated
with a sizeable latent heat, as confirmed by heat capacity measurements. The
electronic structure calculations for x = 0.75 indicate that the key factor in the
conversion from the ferromagnetic CeScSi-type to the antiferromagnetic CeFeSi-
type structure is the disappearance of the induced magnetic moments on Sc.
For the parent antimonide, heat capacity measurements indicate an additional
transition below the main antiferromagnetic transition.
Submitted to: J. Phys.: Condens. Matter
Crystal, magnetic, calorimetric and electronic structure investigation of GdScGe1−xSbx compounds 2
1. Introduction
Ternary RTX intermetallics, where R = rare earth,
T = transition metal, X = p-block element, are
structurally diverse and, therefore, are among the
most extensively investigated rare-earth intermetallics
[1, 2, 3, 4]. Scandium is not only the first transition
metal in the periodic table of the elements, but it
also is the first element of the rare-earth family. Even
though most of the rare earths readily mix inR2−yR′yX
compounds, Sc in place of either R or R′ often plays a
role of a true transition element forming well-ordered
intermetallic compounds, e.g. RScGe, where R = Pr,
Nd, Sm, Gd, Tb [2, 5, 6, 7, 8]. Of particular interest
is the GdScGe compound crystallizing in the CeScSi-
type structure (I4/mmm). Though here gadolinium is
diluted (1:2 molar) by non-magnetic Ge and practically
nonmagnetic Sc, this compound is ferromagnetic with
a strikingly high Curie temperature TC ≈ 350 K some
20% higher than TC = 294 K of the elemental Gd [2, 6].
The origin of such a high ferromagnetic order-
ing temperature motivated several theoretical investi-
gations [9, 10, 11]. Most of them agree that the siz-
able magnetic polarization developing on the Gd 5d
and Sc 3d states, as well as their hybridization, play
an import role in enhancing exchange interactions, and
thus in turn favor high TC . Considering potential func-
tionality, the magnetocaloric effect associated with the
ferromagnetic transition of GdScGe has been investi-
gated, but was found to be moderate [12]. When ger-
manium is replaced by antimony, the GdScSb com-
pound crystallizes in a different but closely related
CeFeSi-type (P4/nmm) and orders antiferomagneti-
cally at TN ≈ 55 K [13]. A first-principles investigation
suggested that the difference in magnetic ordering be-
tween GdScGe and GdScSb is intimately linked to the
change in crystal structure type [11].
Considering different crystal structures as well
as different magnetic ground states, Ge↔Sb substi-
tutions have the potential to induce instability in
GdSc(Ge1−xSbx) due to competing interactions. Such
substitutions have not been explored in pseudo-ternary
RTX materials that adopt CeScSi- and CeFeSi-types
as parent structures. To date, the effect of Mn substitu-
tions in GdTiGe (CeScSi-type), GdTi1−xMnxGe, and
in GdTiSi (CeFeSi-type), GdTi1−xMnxSi, has been re-
ported [14, 15]. But in the former case the parent GdM-
nGe is orthorhombic and its crystal structure is not
directly related to that of GdTiGe, while in the latter
the phase boundaries remain unclear.
Here we report a systematic experimental study
of the crystal structure and physical properties
as a function of Ge/Sb ratio in slightly off-
stoichiometric Gd1.02Sc0.98Ge1−xSbx combined with
first principles calculations. We note that in this
study, the substitutions occur exclusively on the X
site, and both Ge and Sb are p-block elements.
Consequently, magnetic exchange interactions, which
are predominantly mediated via d electrons, are not
directly affected by the Ge ↔ Sb substitutions. This
makes this series of materials a nearly ideal playground
to study the interplay between the two closely related
crystal structures and their magnetic behaviors.
2. Experimental and theoretical methods
Polycrystalline Gd1.02Sc0.98Ge1−xSbx samples with
x = 0, 0.1, 0.25, 0.3, 0.35, 0.45, 0.5, 0.6, 0.65, 0.675,
0.7, 0.73, 0.8, 0.9, and 1 were prepared by arc-
melting high purity elemental starting materials in
a purified argon atmosphere [16]. A supplementary
2.5 wt.% of Sb was added to each composition
before melting to compensate for the Sb loss due
to evaporation. The resulting buttons were then
wrapped in a Ta foil and sealed in evacuated
quartz tubes back-filled with He to ≈1/3 bar.
Heat treatment was performed at 900 ◦C during 7
days followed by an in-furnace cooling (120 ◦C/h).
Handling and storage of the resulting materials were
carried out in Ar filled glovebox. The x-ray powder
diffraction (XRPD) patterns were measured at room
temperature with a PANalytical diffractometer using
monochromated Cu Kα1 radiation. Complementary
XRPD was performed using a Rigaku TTRAX system
with a rotating anode generating Mo Kα radiation.
Structure visualization was made using the VESTA
software [17]. DC and AC magnetic properties were
measured using Quantum Design superconducting
quantum interference device magnetic measurement
property system, SQUID MPMS, in magnetic fields
up to 7 T and physical property measurements system
vibrating sample magnetometer, PPMS VSM, up to
14 T. Heat capacity measurements were performed
in a home-built semi-adiabatic heat-pulse calorimeter
operating between 2 and 400 K in applied magnetic
fields up to 10 T [18]. The samples for the heat capacity
measurements were about 1.5 g in mass.
To calculate electronic properties, magnetocrys-
talline anisotropy properties, and magnetic exchange
interactions of GdScGe0.25Sb0.75, we have employed
generalized gradient approximation (GGA) including
onsite electron correlation parameter (U) and spin or-
bit coupling (GGA+U+SOC) within the framework
of the full potential linearized augmented plane wave
(FP-LAPW) method [19, 20, 21]. The unit cell was con-
verted into a triclinic (P1) with 24 formally indepen-
dent atoms per cell. The original twelve- and six-atom
cells of the CeScSi- and CeFeSi-type structures were,
respectively, doubled and quadrupled along the c axis.
Six one-fold sites in P1 symmetry were occupied by Sb
and two by Ge to model the nominal GdScGe0.25Sb0.75
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composition. The k-space integrations have been per-
formed with at least 16×16×16 Brillouin zone mesh,
which was sufficient for the convergence of total ener-
gies (10−6 Ryd), charges, and magnetic moments. The
calculations were performed with U = 6.7 eV and onsite
4f exchange parameter, J = 0.7 eV, the experimental
values for Gd [21]. The magnetocrystalline anisotropy
energy (MAE) was calculated as the total energy dif-
ference between two magnetic configurations with mag-
netic moment aligned in the ab-plane and along the c-
axis. Positive MAE indicates uniaxial anisotropy and
negative MAE indicates planar.
3. Results and discussion
3.1. Crystallographic phase diagram
The x-ray powder diffraction patterns for all prepared
Gd1.02Sc0.98Ge1−xSbx (0 ≤ x ≤ 1) materials were mea-
sured at room temperature. The Rietveld refinement
of the CeScSi-type phase was carried out placing Gd
and Ge in Wyckoff positions 4e (0,0,z) and Sc in 4c
(0,1/2,0), using the initial parameters of the parent
GdScGe compound [6, 12]. A change of Sc site mul-
tiplicity from 4c to 8j (x,1/2,0) with 50% occupancy
that was previously reported for several closely related
CeScSi-type materials does not improve the fit and,
therefore, was unnecessary [11, 13]. For the CeFeSi-
type, Gd and Sb were placed in 2c positions, and Sc in
2a as in the parent GdScSb [13].
Figure 1(a) depicts two examples of XRPD
refinement, top for the x = 0.3 sample crystallizing
in the CeScSi-type structure and bottom for x =
1 sample adopting the CeFeSi-type structure. The
calculated unit cell volume as a function of the Sb
(x) concentration is displayed in the Fig. 1(b), and the
numerical values are reported in Table 1. The lattice
parameters and cell volumes of the parent materials
agree with the literature [6, 12, 13]. Upon increasing
the antimony content, the cell volume increases linearly
due to the larger atomic radii of Sb than Ge. At room
temperature, the CeScSi-type solid solution ends at
x = 0.65 and both CeScSi- and CeFeSi-type crystal
structures coexist in the range 0.65 ≤ x ≤ 0.9. The
coexistence of the two phases with different crystal
structure types at room temperature over a finite range
of compositions makes it rather unlikely to observe
a transition from one structure to the other as a
function of external parameters, such as temperature
and magnetic field. The boundary between CeScSi and
CeFeSi crystal structures lies in the Sb rich side of the
phase diagram, which is qualitatively in line with an
early report indicating a small total energy difference
between the two crystal types for GdScSb [13].
Figure 2 shows the c/a (CeScSi-type) and
2c/a (CeFeSi-type) ratios as a function of the Sb
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Figure 1. (a) Selected XRPD patterns with Rietveld
refinements for samples adopting CeScSi structure type (x= 0.3)
and CeFeSi structure type (x= 1). (b) Left-hand axis: unit cell
volume of Gd1.02Sc0.98Ge1−xSbx compounds as a function of
the composition (2V for CeFeSi-type); the open symbols at x=
0 and 1 correspond to literature values reported for the parent
compounds [6, 12, 13]. Right-hand axis: the weight fraction of
the CeFeSi-type phase at room temperature (open triangles).
concentration. The obtained results for the two end
member compounds (x = 0 and 1) are similar to those
reported in the past [6, 12, 13]. A non-linear evolution
with a clear discontinuity at the structural change is
observed around x ≈ 0.7. Therefore, Sb substitution
leads to an anisotropic cell expansion, most pronounced
along the c axis. The change in the crystal type
corresponds to a sizable discontinuity ∆(c/a)/(c/a) ≈
+1.7 %, originating from both the expansion of the c
axis and the shrinking of the a axis, see Table 1. The
CeScSi- and CeFeSi-type structures are very similar in
many aspects, as both structures are tetragonal with
Gd atoms forming layers of square pyramids blocs. The
CeFeSi-type corresponds to the repetition of a single
layer, while the CeScSi-type structure is formed by the
repetition of pairs of layers that are related with one
another by a mirror plane along the c axis; square
nets formed by the Sc atoms are located between
every layer of pyramids. The anisotropic cell expansion,
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Table 1. Lattice parameters, concentrations of the CeFeSi-type phase and magnetic ordering temperatures for
Gd1.02Sc0.98Ge1−xSbx compounds.
CeScSi CeFeSi
x a(A˚) c(A˚) a(A˚) c(A˚) wt.% TC(K) TN (K)
0.0 4.2590(5) 15.598(1) 0 352
0.1 4.2730(5) 15.658(1) 0 333
0.25 4.2939(5) 15.741(1) 0 290
0.3 4.3030(5) 15.772(1) 0 273
0.35 4.3105(5) 15.817(1) 0 257
0.45 4.3183(5) 15.869(1) 0 197
0.5 4.3277(5) 15.904(1) 0 170
0.6 4.3348(5) 15.965(1) 0 97
0.65 4.3365(6) 15.985(1) 4.312(1) 8.096(1) 16(5) 90
0.675 4.3405(6) 15.999(1) 4.314(1) 8.099(1) 22(4) 56
0.7 4.3426(6) 16.036(1) 4.316(1) 8.113(1) 29(4) 60a 54
0.73 4.3446(9) 16.060(2) 4.317(1) 8.1258(8) 55(3) 56
0.8 4.3192(6) 8.1461(6) 82(3) 56
0.9 4.3285(5) 8.1793(5) 96(3) 55
1 4.3392(5) 8.2044(6) 100 56
a The Curie temperature for x= 0.7 corresponds to that of the metastable ferromagnetic phase at finite
magnetic field (1 T).
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Figure 2. Lattice parameter ratio (c/a, and 2c/a) for CeScSi-
and CeFeSi-type crystal structures as a function of the Sb
concentration. The open symbols represent literature data for
the parent compositions [6, 12, 13]. The sketches represent the
CeScSi-type (left) and CeFeSi-type (right) structures, with the
highlighted square pyramidal blocks formed by Gd, and Sc atoms
located between the Gd blocks.
more pronounced along the c axis, is related to the
disappearance of the mirror symmetry that relates the
pairs of layers in the CeScSi-type structure.
3.2. Magnetic properties
The magnetization as a function of the temperature
for Gd1.02Sc0.98Ge1−xSbx (0 ≤ x ≤ 1) measured upon
cooling in a magnetic field of 0.1 T is presented in Fig.
3. Two well contrasted behaviors are observed. For x <
0.7, rapid increases in magnetization occur upon cool-
ing marking the paramagnetic (PM) to ferromagnetic
(FM) transitions. The Curie temperature, TC , deter-
mined as the maximum of |dM/dT| (not shown), for
the GdScGe parent is 352 K, which is close to the ear-
lier reported values [6, 12]. The increase in Sb con-
centration in Gd1.02Sc0.98Ge1−xSbx series leads to a
gradual and systematic decrease of TC and broaden-
ing of the PM-FM transition. When the CeFeSi-type
structure starts to appear, for x > 0.65, a FM-PM
transition is no longer observed at low magnetic field.
For x = 0.65, an additional anomaly starts to develop
at 55 K. For x ≥ 0.7, a peak in M(T ) curve followed
by a plateau on the low temperature side suggests a
PM to antiferromagnetic (AFM) transition at about 55
K. The change in composition has only little influence
on the Ne´el temperature, however the magnetization
is strongly suppressed as the concentration of Sb in-
creases above 0.7. For x = 0.7, the inverse magnetic
susceptibility is linear above 120 K (not shown), and
when fitted by a Curie-Weiss law it shows a positive
Weiss temperature (102 K) revealing the presence of
ferromagnetic interactions despite the signature of an
antiferromagnetic transition at 55 K.
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Figure 3. Magnetization versus temperature curves for
Gd1.02Sc0.98Ge1−xSbx compounds measured during cooling in
B = 0.1 T.
To track the evolution of the magnetism as a
function of the composition, the magnetization versus
field data were systematically measured at T = 5 K.
The M(B) curves for selected compositions are shown
in Fig. 4(a), while the magnetization at 5 K and 5
T as a function of Sb concentration is presented in
Fig. 4(b) (saturation magnetization for ferromagnetic
compositions, induced magnetization for x ≥ 0.675).
For 0 ≤ x ≤ 0.65, all magnetization curves are similar
to that of x = 0.1 (see Fig. 4(a)), and reflect magnetic
domain rotations usual for ferromagnetic materials up
to ≈ 0.5 T, while at higher fields (B > 1 T) a clear
saturation is observed. The saturation magnetization
is 7.37 µB/f.u. for the parent material x = 0, which is
slightly higher than earlier experimental reports (7.1
µB/f.u.) and higher than the expected moment of Gd,
which is the only magnetic element here (gJ = 7 µB)
[6, 12]. Nevertheless, our saturation magnetization is
close to the theoretically predicted (7.38- 7.72 µB/f.u.),
the latter containing the contribution from induced
polarization on Gd 5d and Sc 3d states [9, 10, 11].
As shown in Fig. 4(b), the Sb substitution below x ≤
0.70 does not lead to a significant change in saturation
magnetization. For x > 0.7, the M(B) curves show
a metamagnetic-like behavior and do not saturate
even in a 5 T magnetic field. This corresponds to a
significant drop in induced magnetization at 5 K and
5 T, when the crystal structure changes from CeScSi
to CeFeSi-type.
The sample with concentration x = 0.7 is at the
boundary where the CeFeSi-type structure appears and
it shows somewhat unexpected magnetic properties.
Namely, the multiphase magnetic behavior expected
from the coexistence of CeFeSi-type (only 29 wt.%
at room temperature according to XRPD data,
AFM) and CeScSi-type (FM at x < 0.7) phases is
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Figure 4. (a) Field dependence of the magnetization, M(B),
at T = 5 K for selected Gd1.02Sc0.98Ge1−xSbx samples: x =
0.1 (squares), 0.7 (circles), 0.8 (triangles), 0.9 (diamonds), and
1 (hexagons). (b) Compositional dependence of magnetization
measured at T = 5 K and B = 5 T.
not demonstrated by both M(B) and M(T ) data
of Figs. 4(a) and 3, respectively. Upon increasing
the field, at first the magnetization shows a rather
linear dependence vs. applied field typical of an
antiferromagnetic phase, then a metamagnetic-like
jump with a critical field of ≈ 0.7 T, and, finally, a
fully saturated ferromagnetic state is reached around
2 T. A magnetic hysteresis appears upon the decreasing
of magnetic field, but the sample transforms back as
subsequent magnetic cycles present the same behavior.
For the x = 0.7 sample, M(B) curves were measured
at several temperatures. The critical field (Bcri) of
the antiferro-ferromagnetic transformation is weakly
dependent on the temperature. A particularly large
dT/dBcri means that if the low temperature antiferro-
ferromagnetic transformation is considered to originate
from a first-order magnetic transition, the latent
heat will be small, as confirmed in section 3.3.3. As
illustrated in Fig. 5, in large magnetic field (B ≥ 1 T),
the temperature dependence of the magnetization for x
= 0.7 looks very much like that of a ferromagnet. The
Curie temperature of this metastable ferromagnetic
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Figure 5. Temperature dependence of the magnetization for
Gd1.02Sc0.98Ge0.3Sb0.7 measured in different magnetic field,
with zero field cooling on warming (ZFCW, large open symbols),
then upon field cooling (FCC, intermediate symbols), and
subsequent warming (FCW, small symbols).
phase (≈ 60 K in 1 T) is slightly higher than the
Ne´el temperature in low field. The samples with higher
Sb content also show a field induced transformation
toward a higher magnetization state, but the amplitude
of the magnetic jump is reduced with the increasing Sb
concentration. In addition, the critical field increases
with the Sb concentration, until it reaches Bcri ≈ 2.2
T for the parent Gd1.02Sc0.98Sb. No direct correlation
is observed between the amplitude of the metamagnetic
jump and the fraction of CeFeSi-type at room
temperature, for instance for x= 0.8, the concentration
of the presumably antiferromagnetic CeFeSi-type is
82 wt.% already, while the saturation magnetization
after the jump is 60% of that of the fully saturated
FM phase (Fig.4(b)). This suggests a certain mutual
influence of the two different structures on each other
magnetic properties. Nevertheless, the increase in Sb
content from 0.8 to 1 leads to a significant decrease
in magnetization at 5 K and 5 T, Fig. 4(b), down to
M(5K, 5T)= 2.65 µB/f.u. for x = 1, in accordance with
the reported value for the parent composition [11].
3.3. Calorimetric investigation
3.3.1. Low temperature anomalous behavior of the
CeFeSi-type materials x = 0.9 and 1. Figure 6 (a)
displays the heat capacity for Gd1.02Sc0.98Ge1−xSbx
samples with x = 0.35, 0.7, 0.9, and 1 up to 300 K,
while Fig. 6 (b) shows the low temperature region
for the same samples, as well as for x = 0.5. For
ferromagnetic materials when 0 ≤ x ≤ 0.65, broad
anomalies are observed at the corresponding Curie
temperatures as, for instance, observed around T =
255 K for the x = 0.35 sample. The widths of heat
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Figure 6. (a) Heat capacity as a function of the temperature de-
picted as C/T (T ) for selected Gd1.02Sc0.98Ge1−xSbx materials
measured in B = 0. (b) C/TvsT 2 dependence in the low temper-
ature region for x = 1 (squares), 0.9 (circles), 0.7 (up triangles),
0.5 (diamonds), and 0.35 (left triangles).
capacity anomalies are proportional to the widths of
ferromagnetic ordering transitions observed in M(T )
data (see Fig. 3). For the x = 0.7 sample a sharper peak
is observed at T = 53 K, close to the temperature of
the maximum inM(T ) defined as the Ne´el temperature
at TN = 54.5 K. The two materials with CeFeSi-type
structure at room temperature, x = 0.9 and 1, show
more prominent λ-like anomalies typical for second-
order phase transitions, but their high temperature-
side inflection points are located at 42.6 K and 45.6 K,
respectively, i.e. both are below the Ne´el temperature
of 55-56 K taken at the cusps of magnetization versus
temperature data. For these two materials TN is rather
associated with broad humps (more details given in
section 3.3.2)
Considering the low temperature range, T ≤ 10 K,
the relevant specific heat contributions are usually
modelled as C = αT−2 + γT + βT 3 + δTn : (i) a
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hyperfine term αT−2 also referred to as nuclear heat
capacity, (ii) a linear electronic term γT which might
also arise from disorder effects, (iii) a phononic or
lattice term expressed in first approximation as βT 3,
and (iv) a magnetic term δTn which is often used to
describe the effect of spin waves in the ordered state
[22]. There is no upturn down to ≈ 2 K, and the
nuclear term is usually small for Gd intermetallics,
so the hyperfine term can be neglected (α = 0).
For x = 0.35, 0.5 and 0.7, the C/T vs T 2 plots
are linear, indicating that the contribution from the
magnetic term below 10 K is weak, if any, implying
electronic and lattice terms only. The increase in
Sb composition affects both contributions, with γ
increasing from 15.6 to 31.5 and 72.1 mJ mol−1
K−2, for x = 0.35, 0.5 and 0.7, respectively. In
comparison, the theoretically predicted values of γ are
5.62 mJmol−1K−2 for CeScSi-type GdScGe and 6.18
mJmol−1K−2 for CeScSi-type GdScGe0.25Sb0.75. The
increase in γ determined from experiment is more
pronounced than predicted by theory, which points
out that the rise in γ can partially be attributed
to disorder, in particular for x = 0.7 which shows
the emergence of the CeFeSi-type structure as a
secondary phase. The Debye temperatures calculated
from the β coefficients within the low temperature limit
assumption are found to decrease from 233 to 212 and
187 K, for x= 0.35, 0.5 and 0.7, respectively. The Debye
temperatures are smaller than reported for La- or Ce-
based RTX materials,[23, 24] but cannot be compared
with those of more closely related RScGe or RScSb
materials, which were unfortunately not reported. For
the ferromagnetic samples with x = 0.35 and 0.5,
the C/T vs T 2 linearity suggests that the magnetic
contribution to heat capacity, with n = 3/2 for a
ferromagnet, is negligible in this temperature range.
For the x = 0.7 material, the magnetic contribution,
expected to be n = 3 for an isotropic antiferromagnet,
cannot be distinguished from the lattice term. For the
two CeFeSi-type samples with x = 0.9 and 1, the
C/T vs T 2 curves strongly depart from the linear
behavior. Introduction of the magnetic δTn term does
not produce satisfactory fitting with either n = 3 or n
= 2 (representing an additional magnetic contribution
for isotropic or layered antiferromagnetic state,
respectively) indicating a more complex behavior.
At the end, a notable dissimilarity between CeScSi
and CeFeSi-type compounds is observed in the low
temperature heat capacity data (T ≤ 10 K).
3.3.2. Additional transition below the Ne´el temperature
of the Gd1.02Sc0.98Sb parent. To analyze the apparent
discrepancies in transition temperatures detected in
M(T ) and C(T ) data in the Gd1.02Sc0.98Sb parent
material, Fig. 7 compares the heat capacity, AC
0.0036
0.0042
0.0048
0.0054
(b)
' (
Am
2 k
g-
1 )
30 35 40 45 50 55 60 65 70
0.8
0.9
1.0
1.1
1.2
(c)
M
 (A
m
2 k
g-
1 )
T (K)
0.7
0.8
0.9
1.0
C
/T
 (J
m
ol
-1
K
-2
)
(a)
Figure 7. Temperature dependences of (a) Heat capacity in B
= 0, (b) AC susceptibility (BDC = 0) for 8 frequencies between
10 and 1200 Hz, (c) magnetization in B = 0.1 T, for the parent
Gd1.02Sc0.98Sb.
magnetic susceptibility, and DC magnetization in
the temperature range between 30 and 70 K. Two
salient anomalies are obvious. First, at TN =
56.5 K, the maximum in DC magnetization and
the maximum in AC susceptibility coincide with a
broad hump in heat capacity. The AC magnetic
susceptibility measurements were performed at 8
frequencies (10, 30, 100, 200, 300, 500, 1000, 1200
Hz), but the frequency dependence of both peak
amplitude and peak temperature are negligible,
indicating no magnetic frustration or glassy behavior.
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The imaginary component is nearly zero as expected
for an antiferromagnet, in stark contrast with x ≤ 0.73
compositions for which sizable imaginary components
were observed near the Curie temperature (not shown).
Second, at T = 45.5 K, an additional heat capacity
anomaly is observed, however it is not associated with
any significant anomalies in the DC magnetization/AC
susceptibility curves. Several hypotheses can be made
about the origin of this peak at 45.5 K. First it may
originate from an undetected impurity phase. This
possibility is, however, highly unlikely because the low-
temperature peak appears to involve more entropy
than the main AFM ordering, and the amount of a
second phase should be anything but minor and would
be easily detected by XRPD. In addition such phase
would have to have to undergo a major phase transition
without a change in its magnetic signature. A second
possibility is a structural transition. A structural
distortion from the tetragonal to a triclinic structure
has been observed below the Ne´el temperature in
other RScX materials, but not for those adopting the
CeFeSi-type structure at room temperature [11, 25].
3.3.3. Field dependence of the heat capacity in
Gd1.02Sc0.98Ge0.3Sb0.7. To clarify the nature of the
metamagnetic-like jump in Gd1.02Sc0.98Ge0.3Sb0.7 the
sample was investigated using in-field heat capacity
measurements. The results are presented in the main
panel of Fig. 8(a), with a detailed view of the low
temperature part shown in the inset. Around TN =
55 K, the application of a magnetic field leads to a
broader transition, with an unexpected shift of the
heat capacity anomaly toward higher temperatures.
For 1, 2 and 5 T the behavior is thus typical of the
application of a magnetic field on a ferromagnet. The
Curie temperature of the metastable ferromagnetic
phase, determined as the maximum in C/T , is around
65 K in B = 5 T, and the broadness of the heat capacity
anomaly indicates that this ferromagnetic transition is
of second-order. From the inset of Fig. 8(a), we can
see that the antiferromagnetic-ferromagnetic transition
centered on B ≈ 0.7 T at T = 5 K is not associated
with any significant heat capacity peak. The 1 and
2 T heat capacity curves almost overlap with the B
= 0 one. A magnetic field of 5 T is sufficient to
fully saturate the ferromagnetic phase from 2 K, so
that the heat capacity is much smaller than in B =
0 due to suppression of magnetic fluctuations. The
magnetic entropy change calculated from heat capacity
and magnetization (M(B) curves) is shown in Fig.
8(b) [26]. The most pronounced feature is centered on
the Curie temperature of the metastable ferromagnetic
phase at T ≈ 60 K. The negative magnetocaloric effect
around T ≈ 60 K in Gd1.02Sc0.98Ge0.3Sb0.7 reaches
approximately -0.9, -2.3 and -7.5 Jkg−1K−1 for ∆B
= 1, 2 and 5 T, respectively, which is comparable
with the parent GdScGe [12]. On the other hand,
the positive entropy change related to the antiferro-
ferromagnetic transition at low temperatures (T ≈
5 K) appears to be limited. From heat capacity
measurements, a maximum of +0.3 Jkg−1K−1 is
reached at T = 5 K for ∆B = 2 T. However entropy
changes derived from calorimetry may suffer from the
non-negligible magnetocaloric effect below the initial
(lowest) temperature of the measurements (Tini ≈ 2
K). The entropy change of the antiferro-ferromagnetic
transition should preferably be estimated from the
magnetization M(B) data [26]. Doing so for M(B)
curves measured at 5 and 7 K, the temperature at
which the C(T ) curves for 1 and 2 T cross the zero field
curve T = 6 K (i.e. the maximum of positive entropy
change for 1 -2 T), a maximum of +1.0 Jkg−1K−1 for
∆B = 1.5 T is observed. At higher magnetic fields, the
temperature dependence of the magnetization in the
ferromagnetic phase becomes prominent (a negative
∆S contribution), which leads to a decrease in ∆S.
Such a small positive entropy change demonstrates
the relative weakness of the antiferro-ferromagnetic
transformation in Gd1.02Sc0.98Ge0.3Sb0.7.
3.4. Theoretical investigation
Having experimentally established that the bound-
ary between CeScSi and CeFeSi-type structures in
Gd1.02Sc0.98Ge1−xSbx is around x = 0.73, where both
phases are present in nearly equal concentrations, al-
lows us to address theoretically the origin of the
changes in crystal structures and magnetic order. In
contrast to former theoretical investigations in unsub-
stituted GdScGe and GdScSb compounds [9, 10, 11],
our calculations are performed for a chemical compo-
sition that does show a competition between differ-
ent phases. Four configurations are at play: FM and
AFM CeScSi-type, as well as FM and AFM CeFeSi-
type. For ferromagnetic GdScGe0.25Sb0.75, the CeScSi-
type has a lower energy by 15.069 meV/atom compared
to that of the CeFeSi-type, indicating that CeScSi-
type is the most stable ferromagnetic state. However,
in the antiferromagnetic case, the CeFeSi-type has a
lower total energy by 5.147 meV/atom compared to
that of the CeScSi-type, indicating that CeFeSi-type
is the most stable antiferromagnetic state. The cal-
culations show that ferromagnetic CeScSi-type is the
ground state in GdScGe0.25Sb0.75, with AFM CeFeSi-
type being the second most likely configuration. Inter-
estingly the magnetocrystalline anisotropy energy cal-
culations show uniaxial (c-axis) anisotropy for CeScSi-
type GdScGe0.25Sb0.75, but the easy magnetization di-
rection is switched to the ab-plane for CeFeSi-type
GdScGe0.25Sb0.75. Although Gd does not present crys-
talline electric field anisotropy from localized 4f states,
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Figure 8. (a)Heat capacity of Gd1.02Sc0.98Ge0.3Sb0.7 in
different magnetic fields. (b) Magnetocaloric entropy change for
∆B= 1, 2 and 5 T obtained from heat capacity measurements
(full symbols) and magnetization measurements (open symbols).
In inset, field dependence of the entropy change at T = 6 K
obtained from magnetization measurements (M(B) curves at 5
and 7 K).
the non-negligible spin-orbit coupling of the itinerant
electrons (mainly d) may contribute to the magne-
tocrystalline anisotropy in GdScGe1−xSbx, in a way
similar to elemental Gd [27].
The total and partial densities of states for
GdScGe0.25Sb0.75 are shown in Fig. 9 for the ferro-
magnetic CeScSi-type structure. The most striking fea-
tures are a clear exchange splitting and a high density
of states at the Fermi energy on the 3d states of Sc.
The ferromagnetic CeScSi-type structure shows an un-
expectedly high Sc-3d magnetic moment (0.52 µB/Sc)
which aligns parallel to Gd-4f and Gd-5d moments.
The unexpected parallel alignment of the Sc 3d mo-
ment with the Gd 4f indicates that the entire 0.52
µB/Sc are directly induced by Gd. This situation ac-
tually recalls that observed in another Gd intermetal-
lic system, (Gd1−xScx)5Ge4 [28]. In the CeFeSi-type
structure, the Sc-3d moment collapses to -0.2 µB/Sc
Figure 9. Total and partial density of states for the
ferromagnetic CeScSi-type GdScGe0.25Sb0.75.
(assuming Gd 4f are FM) and -0.1 µB/Sc (assuming
Gd 4f are AFM) as a result of the diminished exchange
splitting, and DOS reconstruction on the Sc-3d states.
Further, a high DOS on the Sc-3d states down channel
at the Fermi level (not shown) indicates an instability
of the ferromagnetic CeFeSi-type structure. Though Sb
and Ge develop small induced magnetic moments, they
do not show significant differences between the 4 pos-
sible configurations.
4. Magnetic phase diagram
Using magnetization and calorimetric data, a mag-
netic phase diagram has been drawn for the
Gd1.02Sc0.98Ge1−xSbx system in low (or zero) mag-
netic field, and is presented in Fig. 10. One clearly
observes a non-linear decrease in the Curie tempera-
ture with the increasing Sb concentration. Once the
crystal structure starts to transform from CeScSi to
CeFeSi-type at x ≈ 0.65, the magnetization data at
low magnetic field suggest the coexistence of both the
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The shaded area represents the appearance of the CeFeSi-type
structure.
ferromagnetic and antiferromagnetic phases. A signa-
ture of TC followed by a TN -like anomaly can be ob-
served for x = 0.65, but close proximity of the two
transition temperatures makes it difficult to estimate
the TC in the range 0.675 ≤ x ≤ 0.8. The application
of a high magnetic field, nevertheless, restores a fully
ferromagnetic phase for 0.65 ≤ x ≤ 0.7. In contrast
to the Ge rich side of Gd1.02Sc0.98Ge1−xSbx, for x >
0.7 the apparent Ne´el ordering temperature appears to
be barely influenced by the chemical composition as it
remains around 55 K. For the parent Gd1.02Sc0.98Sb,
an additional heat capacity anomaly is detected below
TN . From the electronic structure calculations for x =
0.75, the key change between CeScSi and CeFeSi struc-
tures occurs on Sc atoms, with a strong decrease and
change in the alignment of the induced polarization
on Sc-3d states. This evolution parallels a decrease of
the polarization on the Gd-5d states. At the end, Sb
substitution has only an indirect effect on the evolu-
tion from the ferromagnetic CeScSi-type to the anti-
ferromagnetic CeFeSi-type as the magnetic properties
of Gd1.02Sc0.98Ge1−xSbx are strongly correlated to the
crystal structure type.
5. Summary
The thorough experimental investigation of the effect
of the chemical composition in Gd1.02Sc0.98Ge1−xSbx
combined with theoretical calculations allowed us to
clarify several points about the interplay between
the crystal structure and magnetism in these RTX
materials. Antimony substitution in GdScGe leads to
an anisotropic cell expansion most pronounced along
the c axis. The double layer CeScSi-type structure
starts to disappear from x ≥ 0.65 and it coexists
with the CeFeSi-tpe structure over the substitution
range 0.65 ≤ x ≤ 0.9. A limited Sb substitution,
Gd1.02Sc0.98Ge1−xSbx with x < 0.65, leads to a
reduction of the Curie temperature compared to the
GdScGe parent but without affecting the saturation
magnetization. With a further increase in Sb content,
the first compositions showing the appearance of
the CeFeSi-type structure, x = 0.65, corresponds to
the emergence of an antiferromagnetic-like anomaly
below TC . For x = 0.7, the application of magnetic
field reveals a jump in magnetization toward a
fully saturated ferromagnetic state. This jump in
magnetization is not associated with a sizeable latent
heat, as confirmed by heat capacity data. The present
experimental results indicate that crystal structure
and magnetic order are strongly correlated, which is
in line with the outcome of the electronic structure
calculations. The key factor in the conversion from
the ferromagnetic CeScSi- to the antiferromagnetic
CeFeSi-type structure is a strong reduction of the
Gd 5d moments and induced polarization on Sc-3d
states. For Gd1.02Sc0.98Ge1−xSbx with x ≥ 0.9, and in
particular for the parent Gd1.02Sc0.98Sb, heat capacity
measurements indicate an additional transition below
the antiferromagnetic ordering temperature, whose
origin will require further investigation.
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